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Abstract 
The capture and the storage of CO2 in deep geological media are proposed to reduce the emission of CO2 to the atmosphere. 
While the argillaceous formations have been extensively studied since more than two decades as potential host-rocks for nuclear 
waste disposal, only few studies have dealt with the potential degradation of their containment properties as caprocks induced by 
a CO2 attack. 
This paper focuses on the impact of a CO2-enriched fluid on the diffusive transport parameters of indurated argillaceous samples 
originating from the massif of Tournemire (Aveyron, France). Two through-diffusion experiments were carried out, the first one 
with a CO2-enriched fluid and the second one with an equilibrated fluid, chemistry of which is very close to that measured in-
situ. Non-radioactive (deuterium and bromide) and radioactive tracers (tritium and Cl-36) were successively used. Throughout 
the duration of the experiments, the evolution of water chemistry was monitored by measuring pH, Ca, Na, Mg, K, Cl, SO4, TOC 
and alkalinity.  
The effect of the CO2 stress has been clearly evidenced. On the one hand, the tracer fluxes in the downstream reservoir of the cell 
having undergone CO2 attack were up to 3 times higher than in the reference cell, indicating a significant increase of the porosity 
and effective diffusion coefficient values (up to 100% for Cl-36 porosity and up to 300% for Cl-36 effective diffusion 
coefficient). On the other hand, the chemical monitoring showed that magnesium, calcium and carbonate concentrations in the 
collection reservoirs increased up to one order of magnitude, suggesting a possible dissolution of some carbonate minerals such 
as calcite, reacting with the acid fluid.   
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The capture and the storage of CO2 in deep geological media are proposed for reducing the emission of CO2 to 
the atmosphere [1]. While the argillaceous formations have been extensively studied as a potential host-rock for 
nuclear waste disposal, only few studies have assessed their containment properties as cap rocks in the framework of 
a CO2 storage. According to [2], claystones represent almost 100% of the oil-field caprock. These indurated rocks 
that generally contain between 40% and 75% of clay particles. The remaining mineral phases of the rock consist of 
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silica, carbonates and in lower amounts feldspars, sulfides, and oxide. Leakage of CO2 into the atmosphere is the 
most concern for geological storage of anthropogenic CO2 [3]. Indeed, the CO2 could reach the surface by different 
ways through the caprocks. Leakages could unexpectedly occur towards some artificial discontinuities such as 
injection wells but also towards natural discontinuities such as degraded calcite-filled fractures. Direct CO2 transfer 
through the matrix of the cap-rocks could be also a potential pathway. There are very few published studies dealing 
with this issue. Wollenweber et al. [4] showed an increase of the effective diffusion coefficient (De) of CO2 into 
clay-rich marl samples (Muenster Cretaceous Basin, NW-Germany) from 7.8 x 10-11 to 11.9 x 10-11 m2.s-1 after 
performing successive diffusion tests. Similar results were obtained by Busch et al [5] who observed a slight 
increase in effective diffusion coefficients of CO2 (De from 3.1 x 10-11 to 4.8 x10-11 m2.s-1) on the Australian and 
Muderong shales. This was interpreted as the result of the alteration of the conducing pore system during the first 
CO2 experiment, probably related to mineral reactions. In addition to these studies that only focused on the 
evolution of the caprock containment properties, some authors carried out batch experiments for assessing the 
chemical reactivity of such caprocks to CO2. For instance, Credoz et al. [6] showed from their study on clayey 
caprocks samples (Chinle formation, Utah – USA) tested with CO2 in geological storage conditions, that carbonate 
minerals (dolomite, calcite) were dissolved partially or totally after only 30 days. Moreover, after 1 year, some clay 
minerals, such as illite and smectite, would be destabilized while kaolinite would be the most reactive clay mineral 
as it was totally dissolved.  
However, we are not aware of studies investigating at the same time both the evolution of diffusive parameters of 
caprocks under a CO2 stress and the evolution of chemistry in such a system. Only Andreani et al. [7] monitored the 
evolution of both the permeability and the chemistry in the outlet. Thus, the present paper focuses on the impact of 
CO2-enriched fluids on the diffusive transport parameters of argillites, with a special attention paid to the monitoring 
of the chemistry. The argillite samples used for the experiments originated from the massif of Tournemire (Aveyron, 
France). Two through diffusion experiments were carried out in parallel with bromide and deuterium as tracers, one 
with a CO2-enriched fluid and one as reference with an equilibrated fluid (chemical composition very close to that 
measured in situ [8]). One year later, the same samples, with the same set-up, have been tested with tritium and 
chlorine-36 as tracers. Throughout the duration of the experiments, the evolution of water chemistry was monitored 
by measuring pH, Na, K, Mg, Ca, Cl, SO4, TOC and alkalinity.  
2. Materials and methods 
The argillite samples came from the experimental site of the French Institute for Radiological Protection and 
Nuclear Safety (IRSN), located inside a former railway tunnel crossing a 250 m-thick argillaceous formation of 
Toarcian and Domerian ages, surrounded by two carbonate aquifers (Aveyron, France). The core was sampled in the 
Upper Toarcian level at a depth of 15 m under the tunnel using a deep downward vertical borehole. Mineralogical 
characterizations carried out all along this borehole show that the mineralogy of the Upper Toarcian level is 
relatively constant. The clay fraction (40 – 50%) dominates and consists of mica, kaolinite, illite, illite/smectite 
mixed layers with more than 70% of illite, and chorite. Calcite is the dominant carbonate mineral and its content 
varies from 10 to 20%. Quartz is represented in the whole formation in large amounts (10 to 20%). Muscovite, 
biotite, albite, and K-feldspars have also been identified [9, 10]. Specific X-Ray Diffraction (XRD) measurements 
were also performed on powdered off-cuts of the two samples used for our experiments. Spectra show no 
discrepancy between each others.   
The principle of through-diffusion method consists in sandwiching rock sample between two reservoirs – a 
source reservoir containing a constant concentration of tracers and a collection reservoir from which samples are 
withdrawn for estimating the incoming flux of tracers (see [11] for details). The concentration is higher in the source 
reservoir (upstream reservoir) than in the collection reservoir (downstream reservoir); therefore, a concentration 
gradient is established and the first Fick's law can be used for determining tracers’ diffusive parameters. The 
solution in the collection reservoir was replaced at each sampling in order (i) to maintain a tracer concentration 
lower than 3% of that prevailing in the source reservoir and (ii) to enable the collection of enough fluids for 
monitoring the potential evolution of chemistry. A peristaltic pump allows the solutions of the upstream and 
downstream reservoirs to be homogenized (Figure 1). In our case, diffusion occurs normal to the bedding planes.  
In our experiments, a CO2 pressure of 1 bar was applied in the upstream reservoir leading to a pH value in 
solution close to 5. The non-radioactive tracers firstly used were the deuterium as water tracer (δ2H = +2000‰ vs 
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SMOW) and bromide as anions tracer ([Br-] = 10-3 mol.L-1). One year later, tritium and 36-chloride radioactive 
tracers were used respectively as water tracer (2100 Bq.mL-1) and anions tracer (2500 Bq.mL-1).  
Figure 1: setup for a through-diffusion experiment with CO2
Cation and anion analyses were performed by ionic chromatography. pH measurement was carried out with a 
digital pH probe. Deuterium content was measured by means of a laser spectrometer. Radioactive tracers were 
measured by liquid scintillation. Alkalinity was measured by titration with acid ([HCl] = 10-3 mol.L-1). Total 
Organic Carbon was analyzed by means of non dispersive infrared analyzer (NDIR). 
3. Results  
3.1. Diffusive parameters 
Figure 2 shows the comparison of the deuterium and bromide fluxes obtained both in the diffusion cell submitted 
to the CO2-enriched fluid and in the "equilibrated" cell without CO2. First of all, the estimated values of effective 
diffusion coefficient for the cell without CO2 are in good agreement with previous literature data obtained on nearby 
rock samples by Motellier et al. [12] and Frasca et al. [13] from the same method (71 x 10-13 < De(HTO) [m².s-1]< 94 
x 10-13 & 6.5 x 10-13 < De(Cl-36) [m².s-1]< 9.6 x 10-13). On the other hand, the porosity values are quite inconsistent 
with literature, especially those for deuterium. That can be accounted for by the lack of experimental data acquired 
during the transient phase which makes difficult a precise porosity estimate. Nevertheless, one can observe a clear 
discrepancy in the flux curves between the two cells. The values of effective diffusive coefficient increase more than 
two times for bromide and less than 50% for deuterium from the "equilibrated" cell to that submitted to the CO2-
enriched fluid. The same trend can be also evidenced for porosity. 
Figure 2: Normalized fluxes of deuterium (HDO) and bromide determined in the downstream reservoir of both the "equilibrated cell" (noted N & 
blue curve) and the CO2 cell (noted CO2 & red curve)
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One year later, in order to verify whether any evolution of the diffusive parameters had occurred, the two cells 
were tested with radioactive tracers displaying analogous behaviors to those of non-radioactive ones. As more 
experimental data were acquired during the transient phase, porosity values were estimated with a better accuracy 
(Figure 3). In this case, for the "equilibrated" cell, in addition to the De values, the porosity values match well the 
data previously estimated by Motellier et al. [12] and Frasca et al. [13] (10 < ε(HTO) [%]< 12 & 3 < ε(Cl-36) [%]< 
4.5). This very good consistency with literature data strengthens our confidence in defining the "equilibrated" cell as 
the reference one. Therefore, it is possible to draw the same conclusion than for non radioactive tracers: the 
discrepancy between "equilibrated" cell and CO2 cell is more important for anion tracer, for which the values of 
effective diffusion coefficient and porosity increase more than three and two times, respectively, while the water 
tracers show a smaller increase (50% for De (HTO) and 25% for the ε(HTO)).    
6. 
4 x 10-13 m2/s-1 for cell tested without gas to 20.8 x 10-13 m2/s-1  and the porosity is twice going from 3% to 6% 
Figure 3: Normalized fluxes of tritium (HTO) and Cl-36determined in the downstream reservoir of both the "equilibrated cell" (noted N & 
blue curve) and the CO2 cell (noted CO2 & red curve) 
3.2. Chemistry evolution 
Figure 4 shows the concentrations of major ions measured in the downstream reservoirs as a function of time 
both in the "equilibrated" cell and in the CO2 cell.   
The chloride, sulfate, sodium, potassium and total organic carbon concentrations remained relatively stable for 
both cells, throughout the duration of the experiment, i.e. for about 400 days. pH also exhibits a very stable value 
around 8.1 in the two cells. On the other hand, in spite of the renewal of the downstream reservoir after each 
sampling, we can observe a clear increase of the calcium and magnesium concentrations in the cell submitted to 
CO2-enriched fluid. The corresponding curves show an attenuation of the increase from about the 70th day. The 
same trend can also be pointed out for alkalinity. 
Figure 4: Ions concentration evolution into the downstream reservoirs of the two cells as a function of time
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Figure 5 shows the evolution of calcium and magnesium concentrations measured in the upstream reservoir. A 
distinct behavior can be also highlighted between the "equilibrated" cell and the CO2 cell with a strong increase of 
calcium concentration compared to that of magnesium.  
Figure 5: Evolution of calcium and magnesium concentrations as a function of time in the upstream reservoir of the equilibrated cell (noted N) 
and the CO2 one (noted CO2).
4. Discussion 
The results obtained on the "CO2" cell compared to those obtained on the "equilibrated" cell show a 
"degradation" of the containment properties of the rock sample, associated with an increase of some major ion 
concentrations (Ca2+, Mg2+ & HCO3-) in both reservoirs with time. Is this increase a realistic phenomenon capable of 
occurring in the field or an experimental artifact ?   
First of all, a key point concerns the spatial homogeneity of the studied rock samples, which is partly 
demonstrated by the very good agreement of the diffusive parameters obtained on the "equilibrated" cell with those 
previously acquired. It must be especially emphasized that Frasca et al. [13] obtained their diffusive data on the 
same core than that used in this study. Moreover, the overlap of XRD spectra determined on the two rock disks used 
for the through-diffusion experiments indicate also a good homogeneity.  
The second aspect consists in assessing the consistency between the evolution of both diffusive parameters and 
chemistry. The increase of the Cl-36 porosity, from 3% to 6%, which is in agreement with that determined for 
tritium, from 12% to 15%, can be interpreted as dissolution of the rock sample: 3% of 10 mL (the volume of the 
sample), i.e., 0.3 mL, would have reacted and disappeared. Let us assume that the reacting mineral is mainly calcite 
(molecular weight ~ 100 g.mol-1 & bulk density ~ 2.71 g.mL-1), therefore, the mole amount of reacting calcite would 
be 0.3 mL x 2.71 g.mL-1  100 g.mol-1, i.e., about 8.10-3 mol. On the other hand, it is possible to make a mass 
balance calculation from the calcium concentrations measured in the upstream and downstream reservoirs. A rough 
estimate leads to a value of about 2 to 3 x10-3 mol, corresponding to the calcium originating from the possible 
calcite dissolution. Given the uncertainties related to the whole calculation, the two values can be considered of the 
same order of magnitude, suggesting a certain consistency between diffusive and chemical data, even though more 
detailed calculations have to be performed with some chemistry-transport codes. 
5. Conclusions 
The effect of a CO2 stress on Toarcian argillite was clearly evidenced from the evolution of both diffusive 
parameters and some ion concentrations. For the tracers of water, deuterium and tritium which diffuse into the 
whole porosity, the values of effective diffusion coefficient evolved from 81 x10-13 m2.s-1 to 116 x10-13 m2.s-1 and 
from 76 x10-13 m2.s-1 to 111 x10-13 m2.s-1, respectively. The calculated porosity values varied from 17 to 25 % for 
deuterium (but these values are not really representative because there were not enough recorded data during the 
transient phase), and from 12 to 15 % for tritium. For the tracers of anions, bromide and Cl-36 which diffuse 
through the largest pores the effective diffusion coefficient values range from 8.1x10-13 m2.s-1 to 18.5x10-13 m2.s-1
and from 6.4 x 10-13 m2.s-1 to 20.8 x10-13 m2.s-1, respectively. The porosity values show an evolution for Br from 2 to 
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6 % and for Cl-36 from 3 to 6 %. These results suggest that the CO2-enriched fluid would impact, at first, the largest 
pores into which anions can diffuse.  
Moreover, this increase of porosity could be accounted for by dissolution of some carbonate minerals such as 
calcite. Indeed, the monitoring of chemistry in the system show an increase of calcium, magnesium and carbonate 
concentrations in the reservoirs, extent of which would be consistent with a calcite dissolution of 3% in volume. 
Nevertheless, further work is necessary. The cell tested without CO2 is going to be submitted to a fluid enriched 
in CO2. This operation could allow us to validate or not these conclusions by monitoring the potential evolution of 
tracer fluxes. Post-mortem analyses of the solids should also give us some further insights.  
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